Abstract-A new microring resonators (MRR) based on 4x4 multimode interference (MMI) couplers for multichannel and highly sensitive chemical and biological sensors is proposed in this paper. The proposed sensor structure has advantages of compactness, high sensitivity compared with the reported sensing structures. By using the transfer matrix method (TMM) and numerical simulations, the designs of the sensor based on silicon nanowires are optimized and demonstrated in detail. The glucose and ethanol sensing by using our structure is investigated.
I. INTRODUCTION
Current approaches to the real time analysis of chemical and biological sensing applications utilize systematic approaches such as mass spectrometry for detection. Such systems are expensive, heavy and cannot monolithically integrated in one single chip [1] . Electronic sensors use metallic probes which produces electro-magnetic noise, which can disturb the electro-magnetic field being measured. This can be avoided in the case of using optical sensors. Optical sensors are very attractive due to their advantages of high sensitivity and ultra-wide bandwidth.
A large class of optical sensors based on optical fibre and waveguides uses evanescent wave to monitor the presence of the analyte in the environment. Detection can be made by the optical absorption of the analytes, optic spectroscopy or the refractive index change [1] . The two former methods can be directly obtained by measuring optical intensity. The third method is to monitor various chemical and biological systems via sensing of the change in refractive index [2] . Optical waveguide devices can perform as refractive index sensors particularly when the analyte becomes a physical part of the device, such as waveguide cladding. In this case, the evanescent portion of the guided mode within the cladding will overlap and interact with the analyte. The measurement of the refractive index change of the guided mode of the optical waveguides requires a special structure to convert the refractive index change into detectable signals. A number of refractive index sensors based on optical waveguide structures have been reported, including Bragg grating sensors, directional coupler sensors, Mach-Zehnder interferometer (MZI) sensors, microring resonator sensors and surface plasmon resonance sensors [1] [2] [3] [4] [5] .
Recently, the use of optical microring resonators as sensors [4] is becoming one of the most attractive candidates for optical sensing applications because of its ultra-compact size and easy to realize an array of sensors with a large scale integration [6, 7] . When detecting target chemicals by using microring resonator sensors, one can use a certain chemical binding on the surface. There are two ways to measure the presence of the target chemicals. One is to measure the shift of the resonant wavelength and the other is to measure the optical intensity with a fixed wavelength.
In the literature, some highly sensitive resonator sensors based on polymer microring and disk resonators have been developed. However, not much work on microring resonator sensors based on silicon nanowires [8, 9] , which have ultra-small bends due to the high refractive index contrast and are compatible with the existing CMOS fabrication technologies. This has attracted much attention for realizing ultra-compact and cheap optical sensors. In addition, the reported sensors can be capable of determining only one chemical or biological element. Also, the sensing structures based on one microring resonator or Mach Zender interferometer can provide small sensitivity.
Therefore, in this paper, we focus on achieving a high sensitivity to the change of ambient refractive index by using a novel sensor structure based on only one 4x4 multimode interference (MMI) coupler assisted microring resonators. The proposed sensors provide very high sensitivity compared with the conventional MZI sensors. In addition, it can measure two different and independent target chemicals and biological elements simultaneously. We investigate the use of our proposed structure to glucose and ethanol sensing at the same time.
II. TWO CHANNEL SENSORS BASED ON 4X4 MMI COUPLER
The proposed sensor based on 4x4 multimode interference and microring resonator structures is shown in Fig. 1 1 2 , are round trip transmissions of light propagation through the two microring resonators [10] . The proposed structure can be viewed as a sensor with two channel sensing windows, which are separated with two power transmission characteristics 1 2 T , T and sensitivities 1 2 S , S . This means that the proposed sensor is able to monitor two target chemicals simultaneously. Their sensitivities can be expressed by:
For the conventional sensor based on MZI structure, the relative phase shift between two MZI arms and the optical power transmitted through the MZI can be made a function of the environmental refractive index, via the modal effective index eff n . The transmission at the bar port of the MZI structure can be given by [1] From equations (1), (3) and (4), the ratio of the sensitivities of the proposed sensor and the conventional MZI sensor can be numerically evaluated. The sensitivity enhancement factor 1 
III. SIMULATION RESULTS AND DISCUSSIONS
It is now shown that the proposed sensor can be realized using silicon nanowire waveguides [11, 12] . The width of the MMI is MMI W 8.4 m and the core thickness is co h =220nm. The access waveguide is tapered from a width of 500nm to a width of 800nm to improve device performance. It is assumed that the designs are for the transverse electric (TE) polarization at a central optical wavelength 1550nm . The refractive indexes of the glucose (n) and ethanol (EtOH) can be calculated from the concentration (C%) by [13] Fig.  3 . In our design, the silicon waveguide with a height of 220nm, width of 500nm is used for single mode operation. The wavelength is at 1550nm. By using the finite difference method (FDM), the effective refractive indexes of the waveguide at different concentration is shown in Fig. 4 .
The glucose solutions with concentrations of 0%, 0.2% and 0.4% and Ethanol concentrations of 0%, 3% and 6% are induced to the device. The resonance wavelength shifts corresponding to the concentrations can be measured by the optical spectrometer as shown in Fig. 5 for glucose and Fig. 6 for Ethanol. For each 0.2% increment of the glucose concentration, the resonance wavelength shifts of about 10 5 pm is achieved. This is a greatly higher order than that of the recent conventional sensor based on single microring resonator [14, 15] . For each 3% increment of the EtOH concentration, the resonance wavelength shifts of about 1.5x10 4 pm is achieved. By measuring the resonance wavelength shift ( ), the glucose concentration is detected. The sensitivity of the glucose sensor can be calculated by glu cose S 9000(nm/ RIU) n (7)
Our sensor provides the sensitivity of 9000 nm/RIU compared with a sensitivity of 170nm/RIU [14] . If we use the optical refractometer with a resolution of 20pm, the detection limit of our sensor is about 2x10 -4 , compared with a detection limit of 1.78x10 -5 of single microring resonator sensor. The sensitivity of the Ethanol sensor is to be EtOH S 6000(nm/ RIU) and detection limit is 1.3x10 -5 .
IV. CONCLUSION
We have presented a novel sensor structure based on 4x4 multimode interference structure and microring resonators. The design of the proposed sensors used silicon waveguides; therefore the sensor has advantages of compatibility with CMOS fabrication technology and compactness. It has been shown that the proposed sensors can provide a very high sensitivity compared with the conventional sensors. In addition, by using 4x4 multimode interference couplers, our sensor structure can detect glucose and Ethanol concentration simultaneously.
